With the rapid development of the new concept of energy internet, electric power systems often need to be investigated together with thermal energy systems. Additionally, to reduce pollution from gas emissions, it is very important to study the economic and emission dispatch of integrated electrical and heating systems. Hence, this paper proposes a multi-objective optimization dispatch model for a microgrid (MG) with a combined heat and power (CHP) system. This CHP-based MG system consists of a CHP unit, a wind turbine, a PV system, a fuel cell, an electric boiler, an electric storage, and a heat storage. It can exchange electricity with the distribution network and exchange heat with the district heating network. Minimum economic cost and minimum environmental cost are considered as the two objectives for the operation of this CHP-based MG system. To solve the two objective optimization problem, the multi-objective bacterial colony chemotaxis algorithm is utilized to obtain the Pareto optimal solution set, and the optimal solution is chosen by the Technique for Order of Preference by Similarity to Ideal Solution method. Finally, numerical case studies demonstrate the effectiveness of proposed model and method for the optimal economic and emission dispatch of the CHP-based MG system.
Introduction
With the wide concern on the gradual depletion and pollution emission of fossil fuels, renewable energy such as wind and solar has been significantly developed [1, 2] . To effectively utilize renewable energy, microgrid (MG) technology has been intensively investigated, since an MG can integrate various distributed generations, energy storage units, load, and control devices together. In addition, the combined heat and power (CHP) system can provide both electricity and heat to users, and it has been widely applied in many MGs due to its high energy efficiency. Such a CHP-based MG system is composed of both electric and thermal energy sources, which is covered by the new concept of energy internet [3] , where the efficient utilization of multiple energy resources is emphasized. Thus, the study of the CHP-based MG systems is significant for practical applications.
There are already a significant amount of studies on the design and operation of the CHP-based MG system. In [4] , a sizing strategy of power sources and energy storage system is proposed for an strategy but also the communication between the colony members. MOBCC algorithm has been used to solve the economic emission dispatch (EED) problem, and the performance has been improved greatly against other algorithms [28, 29] . It is gaining more attention due to its advantages of fast convergence and high precision for solving complex optimization problems. Hence, this paper uses MOBCC algorithm to solve the proposed multi-objective optimization model of the CHP-based MG system.
The major contributions of this paper are as follows.
(1) A flexible CHP-based MG system is presented by considering the energy exchange with both the distribution network and the district heating network. (2) A multi-objective economic and emission dispatch model is proposed to study the flexible CHP-based MG system by considering the economic cost and environmental cost, and then it is solved by the MOBCC algorithm. After that, the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) method [30] is adopted to choose the optimal decision solution for decision makers.
The remainder of the paper is organized as follows. Section 2 provides the description of the CHP-based MG system, and then the detailed mathematical models are presented; Section 3 proposes the multi-objective economic and emission dispatch model of the CHP-based MG system; Section 4 adopts the MOBCC algorithm and TOPSIS method to solve the optimization problem and to obtain the optimal decision solution, respectively. Finally, the main simulation results are discussed in Section 5 and the key conclusions are presented in Section 6.
System Description and Model Formulation

System Description
The structure and energy flow of the CHP-based MG System are shown in Figure 1 . The CHP-based MG system includes a CHP unit, a wind turbine, a PV system, a fuel cell, an electric boiler, an electric storage, and a heat storage. Compared with the electric only MGs, this CHP-based MG system is able to exchange heat with district heating network through the heat supply pipeline.
To better describe the thermal energy system, the structure of the thermal energy system is shown in Figure 2 . High temperature hot water is transferred from the heat pipe to the user through the radiator. Then the high temperature hot water turns into low temperature warm water, which goes back to the heat source through the return pipeline. The heat storage tank in the CHP-based MG system plays a role in decoupling the CHP unit into thermal part and electrical part. The electric boiler is expected to heat water during the period when the renewable energy generation is large and the electric load is low. Additionally, if the heat power output of the CHP unit is reduced, then the corresponding thermal demand of end users will be compensated by the electric boiler, which can use more renewable energy generation and save the fuel cost of the CHP unit. As the district heating network is connected to the CHP-based MG system, it can provide heat to meet the thermal load during the thermal load peak period. Meanwhile, when the CHP-based MG system has less thermal load, the excessive heat of the CHP-based MG system can be sold to the district heating network which will be transferred to users outside of this MG system. Note that the heat loss of the pipelines within the CHP-based MG system is negligible compared to the heat exchange loss between the CHP-based MG system and the district heating network, this is because the latter has longer pipe length and thus will be considered in this paper. More discussions on the heat loss and transport distance can be found in [6, 11] . 
Model formulation
CHP Unit
The CHP unit consists of a micro-turbine and a bromine chiller. The micro-turbine uses natural gas as fuel to generate electricity, and the relation between electricity and heat is
Then the high temperature flue gas from the micro-turbine enters the bromine chiller to preheat water for the purpose of energy efficiency improvement.
The fuel cost of micro-turbine is shown below. 
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The fuel cost of micro-turbine is shown below.
The efficiency of micro-turbine can be calculated as [31] η MT (t) = 0.0753(
Fuel Cell
A fuel cell is a power generation device that converts chemical energy stored in natural gas and methanol hydrogen-containing fuel into electricity. Because of its high efficiency of power generation, the heat loss is not considered. The relationship between fuel cost and power generation can be described below.
Similar to the micro-turbine, the efficiency of fuel cell can be expressed as [32]
Electric Boiler
With the exception of the CHP unit, the electric boiler can convert electricity into heat to meet the heat load. The electric boiler model is shown as
Energy Storage System
Electric Storage
The lead-acid battery is installed in this CHP-based MG system as an electric storage device due to its low cost. The battery storage system can shift power consumption from one period to another, and thereby reduce the operational cost of the CHP-based MG system. The charging and discharging processes should meet the following requirement
Heat Storage
As one of the most widely used heat storage devices, the heat storage tank is deployed in this CHP-based MG system as a heat storage device. The heat storage tank can alleviate the mismatch between the CHP energy supply and the electric and heat demand. It stores heat when thermal demand is low, while releases heat during the peak demand period. The heat storage model is similar to the electric storage model, and the expression is
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Multi-Objective Optimization Dispatch Model
Objective Functions
In this section, a multi-objective optimization dispatch model of the CHP-based MG system is established to minimize the economic cost and environmental cost. The economic cost C 1 can be expressed as (10) , which includes the fuel costs of the micro-turbine and fuel cell defined in (3) and (5), the equipment operation and maintenance cost (11) , the cost of the MG to exchange electric power with the distribution network (12) , and the cost of the MG to exchange thermal power with the district heating network (13) .
where N M is equal to 6, and the index i = 1, 2, 3, 4, 5, 6 represents the micro-turbine, wind turbine, PV system, fuel cell, electric storage, and heat storage, respectively; K OMi is the operation and maintenance cost per kW of unit i; P i (t) is the output power of unit i at time t. In (12)- (13), P EXE (t) is the amount of exchanged electric power at time t, and a positive P EXE (t) means that the MG buys electricity from power grid; Q EXH (t) is the amount of exchanged thermal power at time t, and a positive Q EXH (t) means that the MG buys heat from the district heating network. The environmental cost C 2 , namely the penalty fees of pollutant emission consisting of NO X , SO 2 and CO 2 , can be expressed as (14) where N E is equal to 3, and the index k = 1, 2, 3 represents NO X , SO 2 and CO 2 pollutant emission, respectively; α E , α H are binary variables, α E equals 1 for P EXE (t) > 0, and 0 otherwise; similarly, α H equals 1 for Q EXH (t) > 0, and 0 otherwise.
Constraints
The dispatch model is subject to equality constraints of power and heat balance and inequality constraints of energy source operations, which are detailed below:
(1) Power balance constraints:
(2) Heat balance constraints:
where δ is the heat loss rate of heat exchange between the CHP-based MG system and the district heating network.
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where P EXE,min is the minimum allowed electric power exchange with the tie line, and it is negative; P EXE,max is the maximum allowed electric power exchange with the tie line, and it is positive. (4) Constraints of heat power exchange between the CHP-based MG system and the district heating network:
where Q EXH,min is the minimum amount of exchanged heat power, and it is negative; Q EXH,max is the maximum amount of exchanged heat power which is always positive.
(5) Power output constraints of PV system and wind turbine:
(6) Operating constraints of controllable units:
The micro-turbine, electric boiler and fuel cell are controllable units in the MG, thus they are subject to the relevant operational constraints, which include the upper and lower power limits (21) and ramp constraints (22) .
where P CU j (t) is the power output of controllable unit j, and j = 1,2,3 denotes the output of micro-turbine, electric boiler, and fuel cell at time t, respectively; P CU jmin and P CU jmax are the minimum power output and maximum power output of controllable unit j, respectively; R up j and R down j are the ramp up rate and ramp down rate of controllable unit j, respectively.
(7) Constraints of the energy storage system
As the electric storage model is similar to heat storage model, their constraints can be unified as energy storage system (ESS) constraints. ESS represents either electric storage or heat storage, and the following equations represent that both electric storage and heat storage satisfy these constraints.
The ESSs are usually not allowed to be charged and discharged at the same time, and then the following constraint holds.
Note the fact that the optimization procedure will tend to drive the final energy status of the ESS to be 0 if initially the ESS is empty. Therefore, to ensure a proper periodic operation, the initial amount of energy of the ESS is assumed to equal the energy at the final instant of the control period.
where E ESS (0) is the initial energy of ESS at time 0; E ESS (N T ) is the final energy of ESS at time N T . 
Solution Method
The objective of this model is to optimize both of the economic cost and environmental cost of the CHP-based MG system. It can be seen from Equations (3) and (4) that there is a complex nonlinear relation between decision variable electric power P MT (t) and power generation efficiency η MT (t). This is a multidimensional, non-smooth, nonconvex, and nonlinear multi-objective optimization model. The MOBCC algorithm [29] possesses better performance in terms of convergence to the Pareto set and maintains good diversity for non-dominated solutions for multi-objective optimization problem. Therefore, this paper uses the MOBCC algorithm to solve the model, and the flow chart of the solving process is shown in Figure 3 .
Since there is a set of Pareto-optimal solutions obtained by MOBCC, the decision maker needs to select an optimal solution as the final scheduling result. The TOPSIS method [30] can set the weight according to the requirement of the decision maker, and the obtained final solution is close to the positive ideal solution and far away from the negative ideal solution. Thus, the optimal solution is selected by the TOPSIS method in this paper.
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Parameters
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Simulation Results Analysis
In order to illustrate the advantages of the presented CHP-based MG system, two scenarios are set up to analyze its economic cost and environmental cost.
Scenario 1: The CHP-based MG system is connected to the district heating network, and heat energy can be exchanged between the CHP-based MG system and the district heating network. Scenario 2: The CHP-based MG system is not connected to the district heating network, and all the heat load must be balanced by internal components of the CHP-based MG system. Additionally, three cases under different objective functions are set as follows:
Case 1: The objective function only considers the economic cost. Case 2: The objective function only considers the environmental cost. Case 3: The objective function considers both the economic cost and the environmental cost, and the same weighting factors 0.5 are set in TOPSIS method to obtain the optimal decision solution.
Results and Analysis of Scenario 1
The Pareto-optimal solution set of Scenario 1 obtained by the MOBCC algorithm is shown in Figure 5 . The economic cost and environmental cost of the three cases are given in Table 6 . 
Simulation Results Analysis
Results and Analysis of Scenario 1
The Pareto-optimal solution set of Scenario 1 obtained by the MOBCC algorithm is shown in Figure 5 . The economic cost and environmental cost of the three cases are given in Table 6 . It can be seen from Figure 5 and Table 6 that the economic cost of the CHP-based MG system is It can be seen from Figure 5 and Table 6 that the economic cost of the CHP-based MG system is minimum while the environmental cost is maximum in Case 1. The CHP-based MG system can buy electricity from distribution network and buy heat from district heating network to reduce economic cost. Since the CHP-based MG system prefers to dispatch clean energy or the power generation unit with less pollution, the environmental cost is minimum while the economic cost is maximum in Case 2. Solutions of Case 3 take into account both of the economic cost and environmental cost of the CHP-based MG system, and the dispatch results are the trade-off between Case 1 and Case 2. In the actual scheduling process, the decision maker can set the weight of the two economic and environmental objectives according to the expected preferences, and choose the satisfactory solution from the optimal solution set.
Taking Case 3 in Scenario 1 as an example, more results and analysis are presented as follows:
1. Results and analysis of power outputs and exchanged energy
Assuming that the power outputs of WT and PV are firstly dispatched to meet part of the load, and the remaining electric load and heat load are satisfied by the power outputs of other sources in the CHP-based MG system. The power outputs and the exchanged energy in the CHP-based MG system are shown in Figures 6 and 7 . Figure 6 shows that the FC (fuel cell) continues to generate electricity during the whole scheduling period. During the electric load valley period, the CHP-based MG system can buy some electricity from the distribution network under low electricity price to reduce the economic cost. However, buying electricity from the distribution network will increase the environmental cost, and thus the amount of purchased electricity is limited. During the electric load peak period, the FC generates more electricity to meet electricity load of the distribution network under high electricity price. At the same time, the excessive electricity can be sold to the distribution network to obtain certain benefits. In the whole scheduling period, the battery is charged during the electric load valley period and discharged at the electric load peak period, which utilizes the price difference to reduce the operational cost of the CHP-based MG system. The MT (micro-turbine) power generation is mainly to meet the heat load due to its high operation cost. However, when the MT power generation cost is lower than the electricity purchasing cost from the grid, it will generate power to meet the electric load demand. Figure 6 shows that the FC (fuel cell) continues to generate electricity during the whole scheduling period. During the electric load valley period, the CHP-based MG system can buy some electricity from the distribution network under low electricity price to reduce the economic cost. However, buying electricity from the distribution network will increase the environmental cost, and There is a certain difference between the peak and valley periods of the electric and heat load. Figure 7 shows that the heat load is mainly satisfied by the CHP unit, because the heat load demand is high at night while it is lower during the day. Moreover, it is observed that the EB (electric boiler) converts electric power to heat and thus supplies some heat load at night. During the period 1:00-7:00, the HS discharges heat to meet heat load so as to reduce the output of the MT. When the output of the MT can meet the electricity load balance, it is not necessary to generate more power to meet the heat load, instead, purchasing some heat from district heating network would be more economic to reduce the total operational cost. However, since purchasing heat from the district heating network will increase the environmental cost, the amount of purchased heat energy will be limited to ensure the total operational and environmental cost minimum. When heat load is low at daytime, the electric load is relatively high, and some excessive heat generated by the CHP unit is stored in HS for future heat load. The remaining excessive heat is sold to the district heating network for profit, which avoids the waste of heat and reduces the cost of the CHP-based MG system.
Analysis of wind power consumed by EB
The electric load is low at night while the heat load and the wind power are large, and thus the EB can convert the electricity into heat by consuming the wind power as much as possible. By this way, both the economic cost and environmental cost of the CHP-based MG system are reduced. To further analyze the situation of wind power consumption, consider two subcases of the CHP-based MG system: an MG with an EB, and an MG without any EB. When there is no EB in the CHP-based MG system, the CHP unit has to increase power output to meet the heat load at night, which can result in more than 70 kWh curtailment of wind power, see Figure 8 . Therefore, it can be concluded that when there is an EB in the CHP-based MG system, the wind power can be consumed effectively.
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The ESS has a bi-directional energy flow, and thus it can shift energy from one time period to another time period to stabilize the load fluctuation. However, the initial SOCs of the energy storage device can affect the operational mode of the CHP-based MG system. Therefore, two subcases are considered to further analyze the influence of initial SOCS of the ESS. In Subcase 1, the initial SOC of HS is the maximum and the initial SOC of ES is the minimum. In Subcase 2, the initial SOC of HS is the minimum and the initial SOC of ES is the minimum. In the scheduling cycle, the SOCs of different ESS in Subcase 1 and Subcase 2 are shown in Figures 9 and 10 , respectively. considered to further analyze the influence of initial SOCS of the ESS. In Subcase 1, the initial SOC of HS is the maximum and the initial SOC of ES is the minimum. In Subcase 2, the initial SOC of HS is the minimum and the initial SOC of ES is the minimum. In the scheduling cycle, the SOCs of different ESS in Subcase 1 and Subcase 2 are shown in Figures 9 and 10 , respectively. From the comparison results between Figures 9 and 10 , it can be seen that the ES can coordinate with the HS in Subcase 1. In Subcase 1, the battery is fully charged and the heat storage tank discharges significantly at night, which reduces the CHP unit output. When heat load is small and electricity load are large during the daytime, the HS is charged with heat and the ES discharges electricity. In Subcase 2, Figure 10 shows that the ES cannot complement well the HS due to lower initial SOC of HS. More power output of the CHP unit is used to meet the heat load because the heat load is larger at night. There is no excessive heat to store and the stored electricity of the ES is also decreased. The HS Energies 2019, 12, 604 14 of 19 stores heat after 11:00 a.m. and releases heat after 8:00 p.m. Therefore, as shown in Table 7 , both the economic cost and environmental cost of Subcase 1 are lower than those of Subcase 2. From the comparison results between Figure 9 and Figure 10 , it can be seen that the ES can coordinate with the HS in Subcase 1. In Subcase 1, the battery is fully charged and the heat storage tank discharges significantly at night, which reduces the CHP unit output. When heat load is small and electricity load are large during the daytime, the HS is charged with heat and the ES discharges electricity. In Subcase 2, Figure 10 shows that the ES cannot complement well the HS due to lower initial SOC of HS. More power output of the CHP unit is used to meet the heat load because the heat load is larger at night. There is no excessive heat to store and the stored electricity of the ES is also decreased. The HS stores heat after 11:00 a.m. and releases heat after 8:00 p.m. Therefore, as shown in Table 7 , both the economic cost and environmental cost of Subcase 1 are lower than those of Subcase 2. To illustrate the advantages of proposed CHP-based MG system, the Pareto-optimal solution set of Scenario 1 and Scenario 2 obtained by MOBCC algorithm are shown in Figure 11 . To illustrate the advantages of proposed CHP-based MG system, the Pareto-optimal solution set of Scenario 1 and Scenario 2 obtained by MOBCC algorithm are shown in Figure 11 . It can be seen that when the economic cost is less than $213, the economic cost and environmental cost in Scenario 1 are mostly lower than in Scenario 2. However, when the economic cost is more than $213, the economic cost and environmental cost in Scenario 1 are both higher than in Scenario 2. Therefore, to better compare the CHP-based MG system under the two scenarios, it is important to obtain an equilibrium from the contradictive economic cost and environmental cost.
The final solutions of two scenarios obtained by the TOPSIS method are given in Table 8 . It can be seen from Table 8 that better objective values in terms of both the economic cost and the environmental cost are obtained in Scenario 1 than those in Scenario 2. Hence, heat energy exchange between the CHP-based MG system and the district heating network should be encouraged. It can be seen that when the economic cost is less than $213, the economic cost and environmental cost in Scenario 1 are mostly lower than in Scenario 2. However, when the economic cost is more than $213, the economic cost and environmental cost in Scenario 1 are both higher than in Scenario 2. Therefore, to better compare the CHP-based MG system under the two scenarios, it is important to obtain an equilibrium from the contradictive economic cost and environmental cost.
The final solutions of two scenarios obtained by the TOPSIS method are given in Table 8 . It can be seen from Table 8 that better objective values in terms of both the economic cost and the environmental cost are obtained in Scenario 1 than those in Scenario 2. Hence, heat energy exchange between the CHP-based MG system and the district heating network should be encouraged. Optimal results of the CHP-based MG system in Scenario 2 are shown in Figures 12 and 13 . Compared to Scenario 2, the CHP-based MG system purchases more electricity from the distribution network in Scenario 1 during the night. Meanwhile, the MG buys part of the heat from district heating network to reduce the output of MT unit because the MT generation cost is higher in the night. During the daytime, to meet the demand of electric load and heat load, the power output of the MT increases in the daytime compared to that at night. Moreover, from Figures 7 and 13, it can be observed that the CHP-based MG system can sell excessive heat of the MT to the district heating network to obtain some income, which can avoid the waste of heat when the heat storage tank is full. Furthermore, from Figures 6 and 12, it is observed that the FC power output is increased in Scenario 2 while it is decreased in Scenario 1. This is because that the increased FC power output in Scenario 2 is used to meet the electric load at the heat load valley period, which can reduce the power output of the MT due to its high operating cost. However, the operational cost in Scenario 1 is even lower, since the heat income is higher than the reduced cost by the FC. 2 while it is decreased in Scenario 1. This is because that the increased FC power output in Scenario 2 is used to meet the electric load at the heat load valley period, which can reduce the power output of the MT due to its high operating cost. However, the operational cost in Scenario 1 is even lower, since the heat income is higher than the reduced cost by the FC. 
Conclusions
This paper presents a flexible CHP-based MG system, which is connected to both the electric power distribution network and the district heating network, and thus it can exchange not only electricity with the distribution network but also heat with the district heating network. A multiobjective optimal dispatch model is proposed to consider both of the economic cost and environmental cost. The MOBCC algorithm is utilized to solve this multi-objective scheduling problem, and the TOPSIS method is adopted to choose the final decision solution. Simulation results demonstrate that the flexible CHP-based MG system can improve the economic operation and reduce the pollutant emission simultaneously. The EB can facilitate the wind power utilization, and the Heat power (kW) Figure 13 . Results of heat power.
This paper presents a flexible CHP-based MG system, which is connected to both the electric power distribution network and the district heating network, and thus it can exchange not only electricity with the distribution network but also heat with the district heating network. A multi-objective optimal dispatch model is proposed to consider both of the economic cost and environmental cost. The MOBCC algorithm is utilized to solve this multi-objective scheduling problem, and the TOPSIS method is adopted to choose the final decision solution. Simulation results demonstrate that the flexible CHP-based MG system can improve the economic operation and reduce the pollutant emission simultaneously. The EB can facilitate the wind power utilization, and the initial SOCs of the ESS also have an obvious influence on the economic operation and pollutant emission.
As a future work, we intend to consider the uncertainties for the power outputs of WT and PV, along with the integrated demand response, to enhance the economic and emission operation of the CHP-based MG system. Author Contributions: All authors contributed equally to the work.
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Nomenclature
Fuel cost of fuel cell/micro-turbine at time t C OM (t)
Equipment operation and maintenance cost at time t E ES (t), H HS (t) Amount of energy remained in the battery/heat storage tank at time t E ESS (t)
Remained energy of ESS at time t η FC (t), η MT (t) Power generation efficiency of fuel cell/micro-turbine at time t P ES,ch (t), P ES,dis (t)
Charging/discharging power of battery at time t P ESS (t)
Power of ESS at time t P ESS,ch (t), P ESS,dis (t)
Charging/discharging power of ESS at time t P EXE (t), Q EXH (t)
Exchanged electric/thermal power at time t P EB (t), P FC (t), P MT (t)
Electric power of electric boiler/fuel cell/micro-turbine at time t P FC (t), P MT (t), P PV (t), P WT (t) Power output of fuel cell/micro-turbine/photovoltaic system/wind turbine at time t Q EB (t), Q MT (t), Q MT,h (t)
Heat power of electric boiler/micro-turbine/bromine chiller at time t Q HS,ch (t), Q HS,dis (t)
Heat power stored/released at time t
